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Phase-shift speckle-shearing interferometry

G.N. Vishnyakov, A.D. Ivanov, G.G. Levin, V.L. Minaev

Abstract. We have numerically simulated the process of measuring
stress—strain states by the method of speckle-shearing interferome-
try using the phase-shift technique. A computer model with the pos-
sibility of setting its strain and roughness is developed, which
includes a model of a diffusely reflecting test object corresponding
to the characteristics of a real membrane, as well as a speckle inter-
ferometer model that allows speckle interferograms to be obtained
for different speckle sizes and angles between interfering beams.
The process of reconstructing the object surface topogram from
model speckle interferograms by the phase-shift technique is imple-
mented. Using the developed models, a two-dimensional shearo-
gram are obtained, which is a derivative of the strain field of a cir-
cular membrane. Comparison of the results of numerical simulation
with experimental data shows that the differences (rms deviations)
do not exceed 0.02 pm. It is also shown that the error of interfero-
gram reconstruction by the phase-shift technique increases signifi-
cantly when the test object strains exceed 12 um.

Keywords: speckle interferometry, schearography, phase-shift tech-
nique, stress—strain states, simulation.

1. Introduction

Methods of digital or electronic speckle interferometry are
widely used for non-destructive testing in various production
areas, for example, in the aerospace industry and mechanical
engineering, where composite materials and products of addi-
tive technologies are actively used [1]. Using this non-contact
method, micro-displacements of individual parts of the prod-
uct’s surface are studied during their deformation under vari-
ous types of loads (mechanical, thermal, etc.).

One of the varieties of speckle interferometry is speckle-
shearing interferometry, or schearography [2, 3]. This method
uses the interference of two speckle fields shifted relative to
each other. Shearographs belong to the class of interferome-
ters with combined object and reference beams, or, in other
words, to the so-called common-path interferometers. In such
interferometers, the reference beam is formed from the object
beam. This implies an important property of speckle-shearing
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interferometry, i.e. low sensitivity to object vibrations, which
allows shearography in real production conditions, without
any protection from vibrations.

To obtain quantitative information about an object, vari-
ous methods of phase reconstruction from interferograms
should be used. The decoding of speckle interferograms is
performed by the methods being traditional for modern inter-
ferometry, which are usually divided into two categories in
digital shearography: temporal phase-shift digital shearogra-
phy (TPS-DS) and spatial phase-shift digital shearography
(SPS-DS) [4]. The temporal phase-shift method has a higher
accuracy of phase reconstruction from interferograms [4],
and so we will use it in this work. The reconstructed phase
image is related to the derivative of the displacement field in
the displacement direction, i.e., with the displacement field
gradient.

In the practical implementation of phase-shift speckle-
shearing interferometry, some questions arise that can only be
answered after preliminary mathematical simulation. Thus,
of importance is the choice of an algorithm for sequential
processing of speckle interferograms, a method for filtering
an intermediate result of reconstruction in the form of a
‘wrapped’ phase, etc. The development of a mathematical
model of a shearograph will allow one to establish the limits
of the method applicability and evaluate the measurement
errors, and in addition, to reveal the dependences of the rec-
onstruction result on the object characteristics. Simulating
the speckle interferometer’s optical system will also allow one
to find its optimal parameters. The development of a compu-
ter model of a test-object is necessary to verify the operation
of the phase reconstruction algorithm and subsequent com-
puter simulation of the process of measuring the stress—strain
states by shearography. Computer simulation of the shearo-
gram makes it possible to pre-set the desired value of the
image shift in the optical scheme to obtain the predictable
result and measurement error when adjusting and tuning the
device. This approach enables us to use a speckle interferom-
eter without a calibration (reference) device.

Thus, the purpose of this work is to develop a computer
model for object strain measurements by means of speckle-
shearing interferometry with the interferogram decoding
using the phase-shift technique, as well as to optimise the
algorithm for processing speckle interferograms using the
phase-shift method and to compare the results of simulation
and experiment.

2. Optical scheme of the shearograph and the
equations of shearing interferograms
Various optical schemes are employed to implement speckle-

shearing interferometry, but most often use is made of a
Michelson interferometer scheme [5]. This is primarily due to
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the simplicity of achieving an image shift by tilting one of the
mirrors (mirror — 5 in Fig. 1). Secondly, it is easy to imple-
ment quantitative decoding of speckle interferograms in a
Michelson interferometer using phase shifting interferometry
[1,2]. Indeed, the essence of this method is to record a set of
interferograms with different phase shifts between interfering
beams. To form a necessary phase shift, the optical path
length of one of the beams changes. This can be done, for
example, by micro-displacement along the optical axis of one
of the interferometer mirrors mounted on a piezoelectric ele-

ment (6) (Fig. 1).

Figure 1. Shearograph based on a Michelson interferometer:

(1) laser; (2) object containing a defect; (3) lens; (4) beam splitter;
(5) folding mirror; (6) mirror mounted on a piezoelectric actuator;
(7) diaphragm; (8) lens; (9) camera.

Two overlapping images of the object are formed on a
recorder (9), which are shifted relative to each other in the
direction transverse to the optical axis. As a recorder (9),
matrix electronic devices, such as CCD or CMOS cameras,
are used. The recorded images are digitised and entered for
further digital processing into a computer. Speckle-shearing
interferograms before and after loading can be written in the
generalised form:

Ly(x,p) = a(x,y) + b(x,y)cos[P,(x, y)], (1

where «a is the amplitude background; » is the visibility of
interference fringes; and n =1, 2.

Phase @, describes the object state before loading and is
equal to the phase difference at two adjacent points, x and x +
Ax, divided by the shift value Ax:

Dy(x,y) = p(x,y) —p(x + Ax, y). 2

Phase @, describes the object state after loading. It is also
equal to the phase difference at points x and x + Ax, but with
the addition of Ap caused by the object strain:

@2(an’) = ‘P(an’) _‘p(x + Axay) + A‘P(XJ)
—Ap (x + Ax,y). 3)

In this work we use the method of five phase shifts pro-
posed in [6] to reconstruct the phase @, (x,y) from the gener-
alised interferogram (1). The algorithm used to implement
this method is resistant to a small ‘decalibration’ of the phase-
shifting device, and, in addition, well suppresses artefacts in
the form of the second harmonic. For its implementation, a
series of five interferograms with a 7/2 phase shift is recorded:

Ii(x,y) = a(x,y) + b(x,y)cos[®,(x,y) + kn/2], “4)

where k=0, 1,2,3,4. The reconstructed phase is calculated by
the formula [6]

Ill1(x7y)_ Ig(xay)
ZIﬁ(xxy)_ Iﬁ(x’y)_ Ig(x’y)

@, (x,y) = arctan|2 (5)

Since the arctan function is defined in the range of [-m,
+m], the so-called ‘wrapped phase’ is calculated by formula
(5), and therefore, the additional operation of ‘phase unwrap-
ping’ [7] is further required.

In this work, the following image processing sequence is
implemented to reconstruct the displacement field gradient
from speckle-shearing interferograms:

1. Obtaining five speckle-shearing interferograms accord-
ing to which the phase image (‘wrapped phase’) @;(x,y) in the
original (unloaded) state is reconstructed.

2. Obtaining five speckle-shearing interferograms accord-
ing to which the phase image (‘wrapped phase’) @, (x, y) in the
loaded state is reconstructed.

3. Subtracting ‘wrapped’ phase images in the loaded and
original states and obtaining a differential ‘wrapped’ phase
image

AD(x,y) = | Di(x,y) — Dy(x,p)| = [Ap (x,y)
—Ap(x + Ax,y)]. (6)

The ‘wrapped’ phase image (6) reconstructed from speckle
interferograms is, as a rule, very noisy. Therefore, before
‘unwrapping’ the image, it is necessary to reduce the noise
level. The most suitable method for this is sine—cosine filtra-
tion in combination with an averaging filter [8]. A good result
gives the use of iterative filtering procedure with 20—-30 repe-
titions. Thus, the third step of image processing is sine—cosine
filtering.

4. The last stage of processing is the ‘unwrapping’ of the
differential phase image after its filtering and recalculation
into the displacement field gradient according to the formula
[8]:

Oou ov

0 (g Ou, v, Ow
AD(x.y) = kS Ax (kxax+kyax+kxax>Ax, (7)

where k = (k,, k,, k) is the sensitivity vector equal to the dif-
ference between the wave vectors of the illuminating beam
and the beam reflected from the object; and d = (u,v, w) is the
surface displacement vector at the point under study [8, 9].
The measurement sensitivity of the speckle-shearing inter-
ferometer can be adjusted by changing the shift value Ax.
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3. Simulation of the optical scheme and speckle
interferograms of a diffusely scattering test
object

At the first stage, the process of forming an interferogram of
a diffusely reflecting object for monochromatic (laser) radia-
tion was simulated. This simulation was necessary to clarify
the requirements for the roughness parameters of the object
(2) and the size of the diaphragm (7) in the shearograph sche-
matised in Fig. 1, as well as for the angle between the reference
and object beams. Simulation and study of speckle fields is an
urgent task and is described in a number of papers [10—12].

The field reflected from a diffusely scattering object can be
represented in the form of a complex amplitude with phase
¢md(X,»), which varies randomly according to a uniform law
within the interval [-m; +7] [13]:

Urnd(xay) = exp[_i(prnd(xay)]- (8)

A circular membrane deformable at the centre and rigidly
fixed at the edges was chosen as a computer model of the
object. At low loads, the membrane shape can be well approx-
imated by a sphere [14]. Then the field reflected from such a
spherical object can be written as follows:

_ I(MTmm)] )

Umir(xs y) = eXp

where R is the sphere radius; m is the factor determining the
maximum phase incursion on the object (at m = 1 the phase
incursion is equal to 2m).

Given that the object is diffusely reflective, from (8) and
(9) we obtain an expression for the complex amplitude of the
field reflected from such an object:

U(xay) = Urnd(xay)Umir(-xay)

= exp[— i(znTn\/ R —x*—y*+ <pmd(X,Y))]-

(10)

To simulate the optical system of a speckle interferometer,
we used the classical optical 4 /' system shown in Fig. 2. It con-
tains two confocal Fourier lenses (2 and 4) with a diaphragm
(3) in their common focus. This diaphragm is essentially a
low-pass filter that performs spatial filtering of the Fourier
spectrum of radiation reflected from the object, which is
formed using the first Fourier lens. By changing the dia-

6
| — { \\/\
3
1 2 4 5

Figure 2. Optical 4 f'system:
(1) object plane; (2,4) Fourier lenses; (3) aperture; (5) recording pla-
ne; (6) plane reference beam.

phragm diameter, it is possible to change the size of speckles
in the recording plane. The radiation intensity 7 in the output
plane (5), obtained using such a 4 f'system, can be represented
by the expression [15]:

I(x,y) =| F{H(x, »)F{UGe )} (11)
where H(x, ) is the coherent transfer function of the optical
system, equal to the amplitude transmission of the diaphragm
(3);and F{.} and F~'{.} are operators of the direct and inverse
Fourier transforms, respectively.

To obtain speckle interferograms, an oblique plane refer-
ence wave is used, the complex amplitude of which can be
written in the form:

r(x,y,k) = exp[-i(z(x,y) + kn/2)], (12)
where z(x,y) is the equation of the incidence plane of the
wave; and kmn/2 is the discrete phase shift (k =0, 1, 2, 3, 4),
which is required to obtain a series of five speckle interfero-
grams in order to calculate the phase distribution from them
using the phase-shift technique.

A speckle interferogram is obtained by quadratic record-
ing of the sum of complex amplitudes of the radiation fields of
the object and reference beams:

Ly(x,p.k) = | FH{HC, ) UGG ) +r(up P (13)

By varying the parameter k from 0 to 4, one can obtain a
set of five speckle interferograms and reconstruct from them
the phase distribution using the phase-shift technique descri-
bed above. The mathematical model used does not consider
the features of light diffraction on a diffusely reflecting sur-
face, depending on the roughness parameters and local slopes
of the surface areas. The model extension is the subject of fur-
ther work on improving the speckle interferogram generation
algorithm.

In computer simulation, the test object imitated the mem-
brane deflection and was set in the form of a spherical seg-
ment of a certain height (deflection arrow) and the base rad-
ius. In this case, the deflection arrow value determined the
degree of the membrane strain.

The following geometric parameters of the test object
(membrane) were selected for simulation: the image size was
1000x 1000 pixels; the base radius was 500 pixels; the deflec-
tion arrow was varied in the range 0.1-100 um and had the
values of 0.1, 0.5, 1, 2, 5, 10, 15, 25, 50, 100 um; and the illu-
mination wavelength was 0.5 um.

The membrane’s surface roughness was set by a random
function with a uniform distribution, and the roughness par-
ameter Ra was selected from the range 0.1-20 um.

To check the effect of the diaphragm radius on the speckle
size, the image intensity of the membrane with the roughness
parameter Ra =20 um was calculated using formula (11) with
a deflection arrow of 0.2 um and various aperture radii. As is
seen from Fig. 3, the size of speckle structures decreases with
increasing aperture size.

To estimate the error of phase reconstruction from speckle
interferograms, it was first necessary to learn how to synthe-
sise these interferograms. Speckle interferograms were calcu-
lated according to formula (13), which describes the coherent
addition of a wave field reflected from the object, a field
passed through the optical system, and a plane wave directed
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Figure 3. Membrane images with a roughness parameter Ra = 20 um, obtained using a coherent optical system with aperture radii of (a) 20 and

(b) 50 pixels.

Figure 4. (a) Membrane topogram, (b) image of the membrane’s speckle interferogram, (c¢) result of membrane topogram reconstruction and (d)

field of reconstruction errors with a deflection arrow of 1.0 um.

at an angle to the recording plane with subsequent quadratic

recording.

The initial simulation was aimed at clarifying the choice of
the angle between the object and reference beams, since it
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determines the number of interferogram fringes. A large angle
leads to an increase in the number of fringes that can no lon-
ger be resolved by the optical system.

The simulation has shown that, when the angle between
the interfering beams is equal to 1°, there is no more than five
fringes on the interferogram. The simulation results also show
that contrasting interference fringes on the speckle interfero-
gram are possible if the membrane roughness parameter is
less than the radiation wavelength used.

In this regard, a membrane with a roughness of Ra =
0.1 wm, which is less than the wavelength of 0.5 pm, was
selected for further simulation, while the angle between the
interfering beams amounted to 1° with the aperture radius of
100 pixels.

Next, a study was conducted to reconstruct the membrane
topogram from a set of five synthesised speckle interferog-
rams using the phase-shift technique described above. Figure 4
shows the results of this study and presents the initial topo-
gram of the deformed membrane in the form of a spherical
segment with a deflection arrow of 1.0 um, one of synthesised
speckle interferograms, the result of reconstructing the topo-
gram of the membrane’s rough surface, and a two-dimensi-
onal map of the difference between the reconstructed and ori-
ginal topograms. In fact, this difference is a plane, but there
are deviations from it due to the presence of noise. Therefore,
the measure of the reconstruction error is the root mean squ-
are (rms) deviation of this difference from the plane, amount-
ing to 0.08 um.

Using the developed mathematical model, computational
experiments were performed to evaluate the rms deviation of
the result of the membrane topogram reconstruction at differ-
ent values of the deflection arrow, i.e. at different strains. As
can be seen from Fig. 5, the reconstruction error increases
with an increase in the deflection arrow, which is associated
with an increase in the gradient at the edge (Fig. 5c) and, as a
result, with a decrease in the capability of resolving the inter-
ference fringes by the video camera matrix.

Thus, we obtained the dependence of the reconstruction
error on the strain of an elastic rough membrane in the optical
4 f scheme using the phase-shift algorithm, which implies that

ELIO.O :
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Figure 5. Dependence of rms deviation of the topogram reconstruction
result on the strain value. The insets show speckle interferograms of the
test object under strains of 5 and 40 um.

the upper limit of the range of possible strains does not exceed
12 um.

4. Simulation of the object strain and obtaining
of a shearogram

This section describes the results of computer simulation of
speckle-shearing interferometry (shearography). A computer
model (CM) of the object was developed, which was neces-
sary for subsequent simulation of the process of measuring
the stress—strain states using digital shearography.

The purpose of the computer simulation itself was to com-
pare the simulation results with experimental measurements
of the strain of a physical object having the same parameters
as the computer model, and to evaluate the accuracy of such
measurements.

The main requirement for the choice of the CM is that it
should allow one, using the known formulas of the theory of
strength of materials, to calculate the displacement field in the
course of deformation. An elastic circular membrane rigidly
attached around its circumference to the base may serve as
such a model (Fig. 6). A concentrated force is applied along
the normal to the membrane surface at its centre on the back
side, under the action of which the membrane surface’s points
undergo micro-displacements, the field of which is the subject
of research.

In some monographs [16,17], the displacement field for
such a model is described by the formula

F
16nD

W(R) = (>~ R + 2R°In(R)). (14)

where W is the displacement along the normal (z axis) to the
membrane surface; F is the applied force; D is the membrane
stiffness; a is the membrane radius; and R is the distance from
the membrane centre.

A computer version of this model was developed and
used to simulate the process of stress—strain state measure-
ments. Speckle interferograms of the CM of this test object,
synthesised according to the technique described in Section
3, served as initial data for this simulation. First, the object
topogram was reconstructed for a certain load from the
original speckle interferograms, and then the displacement
field gradient was determined as the difference between two
topograms shifted relative to each other. The practical sig-
nificance of this simulation is that it allows one to pre-set the
necessary image shift value in the shearograph to adjust its
sensitivity.

To compare the results of computer simulation with
experimental data, a calibration device was developed and
manufactured, described in our paper [18] and used to cali-
brate a shearograph prototype developed at the Federal State
Unitary Enterprise VNIIOFI. This device is a rough circular
membrane attached to a massive base around the circumfer-
ence by means of screws (Fig. 6), it has standardised metro-
logical characteristics and represents a working standard of
strain.

A concentrated force is applied along the normal to the
membrane surface at its centre on the back side, under the
impact of which the membrane experiences bending strains.
The magnitude of the displacement of the force application
point was measured using a 01IMPTs indicator head with an
error of £0.3 um.
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Figure 6. (a) Calibration device, (b) membrane (front view), and (c)
cross-section view of the calibration device.

An experimental study of the membrane strain in the cali-
bration device was performed on the shearograph prototype,
the external appearance of which is shown in Fig. 7.

A laser with a wavelength A = 532 nm was used as a radia-
tion source. The camera’s viewing angle and illumination

Figure 7. Experimental prototype of the shearograph.

angle ensured the shooting of a membrane with a diameter of
100 mm.

A half-tone image of the reconstructed membrane dis-
placement field obtained by computer simulation and a simi-
lar experimental image are shown in Fig. 8. The membrane
strain (according to the indicator) was 1 um.
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Figure 8. (a) Theoretical and (b) experimental shearograms, as well as
(c) cross-section profiles of shearograms.

The results of a physical and computer experiment were
compared with respect to the central horizontal cross sections
of these images. The rms deviation of the difference between
them, which amounted to 0.02 um, served as the comparison
criterion for these data.

5. Conclusions

We have developed a computer (virtual) model of a test object
and the speckle interferometer’s optical scheme, which is
essentially its digital twin. The simulation and experimental
results are shown to be in a good agreement. The presented
method of numerical simulation makes it possible to set any
objects, including ideal ones, to verify the system operation.
This approach allows one to improve the algorithms and opti-
mise the optical scheme to obtain accurate results of the
stress—strain state measurements. The developed model ena-
bles us to predict the result of the speckle interferometer oper-
ation with objects having various parameters. This computer
model is a ‘digital standard’ and can be used to evaluate the
metrological characteristics of measuring instruments. Its fur-
ther improvement will make it possible to avoid using the
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material standard in the measurement process using the
method of shearing speckle interferometry.
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